Abstract: Digital elevation model (DEM) resolution and the assigned threshold for river network delineation affect the results of rainfall-runoff models. In this study, the effects of these 2 issues on the extracted geomorphologic parameters of watersheds and the performance of a kinematic wave based model, called KW-GIUH, are investigated. The results show that by decreasing the DEM resolution at fixed thresholds, parameters such as subbasin mean slope and the number of streams decrease and the area of the i th order subbasins and the mean length of the overland flow increase. Moreover, the results indicate that the reduction of the DEM resolution at a fixed threshold causes the peak flow and hydrograph time base to decrease up to the cell size of 100 m and then, after experiencing a jump, again decrease with the increase of the cell size. According to the achieved results, above the threshold of 2%, the difference between the peak flows of different hydrographs at different resolutions is meaningful. The KW-GIUH sensitivity to DEM resolutions and thresholds is sharper in peak flow and then in hydrograph time base and time to peak. At a fixed threshold, the value of time to peak is independent of DEM resolution.
Introduction
The main step in rainfall-runoff modeling is extracting the geomorphological parameters of watersheds. For this purpose, digital elevation models (DEMs) are widely used to delineate watershed, define drainage divides (watershed boundaries), and identify stream networks [1] . DEMs and their related algorithms like flow tracing have been widely considered in recent years [2] . The accuracy of extracted data from DEMs is highly dependent on DEM cell size [3] . Although DEMs cell sizes (DEM resolution) affect the extracted data and consequent analysis quality, there are limited studies that address the effects of DEM cell size in rainfall-runoff modeling and extracting watersheds geomorphological parameters [4] [5] [6] [7] . Using DEMs with small cell sizes does not guarantee the correct performance of rainfall-runoff models. With respect to different results of such models using highresolution DEMs in various catchments, one could deduce that selecting the optimum resolution is complicated and needs to be investigated. Increasing DEM resolution (i.e. decreasing cell size) increases the accuracy of data obtained from DEMs, but on the other hand it increases the data volume, which could make trouble for computer memory allocation and data management. On the contrary, while decreasing DEM resolution (i.e.
increasing cell size) reduces data volume, by decreasing the information content of the data, it could cause error in the extracted geomorphological parameters and then in the results of rainfall-runoff model.
McMaster evaluated the effect of DEM resolution on the accuracy of extracted stream network. He used DEMs with 30-to 3000-m resolution to compare the extracted stream network with that obtained from DEMs based on topographic maps [8] . Results showed that by decreasing the DEMs' resolution from 150 to 3000 m, the accuracy of extracted stream network and the number of streams of orders 1 and 2 were decreased. Hancock studied the effect of DEM resolution on the geomorphological features of 2 catchments of different climates in Australia [9] . He could illustrate the dependence of slope-area relationship and also the stream ordering scheme on DEM resolution, while the hypsometric curve of the 2 watersheds showed a low sensitivity to changing DEM resolution. Studies on the Soil and Water Assessment Tool (SWAT) conducted by Chaubey et al. indicated that the effect of DEM resolution on extracted stream network, number of subbasins, and formation of hydrologic response unit was considerable [10] . Smith et al. assessed the effect of DEM resolution on the soil erosion at several catchments in the United States [11] . Results indicated that employing high-resolution DEMs does not mean that one could achieve a more accurate estimation of soil erosion, and the required resolution for modeling is related to the goal and the type of study. Pradahan et al. applied TOPMODEL to evaluate the effect of DEM resolution on the simulation of runoff in the Kamishiba catchment, Japan [12] . They found that based on using a DEM of 50-m resolution only 7% of the catchment contributes in the runoff generation, while using a DEM of 1000-m resolution increases this percent to 59%. Lin et al. investigated the effect of DEM resolution on the simulated surface runoff by SWAT model in the Xiekenggxi catchment in China [13] . Results showed that the simulated runoff by SWAT is not sensitive to DEM resolution. Nourani and Zanardo, by employing a wavelet-based DEM regularization methodology, could improve the performance of a distributed rainfall-runoff model in different DEM resolutions. This method increases the connection of saturated areas and subsequently enhances the performance of the model in different cell sizes [14] . Nourani et al. investigated the effects of different time scales and different flow tracing algorithms on the performance of TOPMODEL. Results showed that the simulated hydrograph using the D inf algorithm was more accurate than the D 8 algorithm, especially in event-based modeling [15] .
The goal of the current study is to analyze the effect of DEM resolution and the thresholds of stream network delineation on the performance of a specific type of rainfall-runoff models. The model used in this study is the kinematic-wave-based geomorphologic instantaneous unit hydrograph (KW-GIUH), which is a conceptual rainfall-runoff model and uses the geomorphological instantaneous unit hydrograph to simulate floods. The reason for using this model is the importance of the geomorphologic parameters in the model structure that ascertain a reliable comparison between the effects of DEM resolution and the thresholds of streams' definitions on the model performance.
Materials and methods

Structure and required parameters of the KW-GIUH model
Overland flow over a permeable surface can occur when the rainfall intensity is greater than the infiltration capacity or when surface saturation exists in regions near the stream [16] . When a unit depth of excess rain falls uniformly and instantaneously onto a catchment, the unit excess rainfall is assumed to consist of a large number of independent, noninteracting raindrops. Thus, the whole rainfall-runoff process can be represented by tracing the excess rainfall moving along different paths towards the catchment outlet to produce the outflow hydrograph [17] . Based on the Strahler stream-ordering method, a catchment of order Ω can be divided into different states. Most of the surface flow occurs on the low portions of the catchment; after that, it goes into the adjacent channel and then flows through the stream network to the outlet. Each raindrop falling on the overland region will move successively from lower to higher orders of channels until it reaches the outlet. The catchment geomorphology is represented probabilistically based on the stream order, instead of simulating the overland surfaces and channels by their individually actual geometry as in the deterministic modeling [17] . An i th order overland region is denoted by x oi while x i represents the i th order channel, where i =1,2,. . . , Ω . If w denotes a specified runoff path: x oi → x i → . . . . . . → x Ω , the probability of a drop of rainfall excess adopting this path can be expressed as:
where P xoixi is the transitional probability of the raindrop moving from the i th order overland region to the i th order channel and P xixj is the transitional probability of the raindrop moving from the ith order channel to a j th order channel and is computed as:
Here, N i,j is the number of ith order channels contributing to the j th order channels, and P OAi is the ratio of the i th order overland area to the total catchment and is computed as:
whereĀ i is the mean area of the i th order channels and is estimated as:
It should be noted that A ij denotes not only the areas of the overland flow regions that drain directly into the j th order, but it also includes all upstream overland areas drained into the lower order channels finally terminating at this j th channel of order i. It is assumed that the exponential distribution can be used to simulate the travel time of overland flow and also the storage component of the channel, but the translation component of a channel is assumed to follow a uniform distribution. For the state x k , the travel time of the channel storage component and channel translation component are T x rk and T x ck , respectively, and the total travel time is
The instantaneous unit hydrograph can be represented by the convolution of 2 groups of the probability density functions and is given by:
The first part of Eq. (5) represents the overland flow region ( x ok ) and the channel storage component (x rk ). The exponential distribution with a mean travel time of T x k is:
The second part of Eq. (5) represents the channel translation component (x ck ). The uniform distribution with a mean travel time of T x k over an interval of (0, 2 T x k ) is:
The distribution function bound is set to be from 0 to 2T x k because of the definition of the mean travel time.
Substituting in the previous equation, the instantaneous unit hydrograph can be expressed analytically as:
where U c (t) is a unit step function [U c (t) = 1 for t ≥ 0, and U c (t) = 0 for t < c], N w is the total number of different order channels in the path w , and
where M denotes the size of X M and a 1 , a 2 , ..., a Nw , b oi , c i , c j , ..., c Ω are coefficients. The coefficients are determined by comparing coefficients in partial fractions after applying the Laplace transformation.
Finally, Lee and Yen, by using kinematic-wave approximation and a simplified V-shaped model first introduced by Wooding [18] , derived travel-time equations for different orders of overland regions and channels.
The runoff travel-time for a specified flow path can be estimated as [17] :
where T w is the runoff travel-time for a specified flow path w; T oci is the mean travel-time on the i th order overland planes; T cc k is the mean travel-time in the k th order channels;L oi is the mean length of the i th order overland flow;L c k is the mean length of the k th order channel; i e is the excess rainfall intensity;S oi is the mean slope of i th order overland flow;S c k is the mean slope of k th order channel;
B k is the width of the k th order channel; Ω is the stream order at the outlet; n o and n c are the roughness coefficients for overland flow areas and channels, respectively; and h co k is the inflow depth of the k th order channel. The runoff structure of a simplified V-shaped model is shown in Figure 1 .
In the above equation, the value of h co k is equal to 0 for k = 1 because no channel flow is transported from upstream. For 1 < k < Ω , h co k can be expressed as [17] :
Flow from upstream q L Figure 1 . V-shaped subbasins (from Wooding [18] ).
where N k is the number of k th order channels andĀ k is the mean area of the k th order subbasins. As shown in Eq. (13), a number of geomorphologic factors are required to estimate the runoff travel-time on overland regions and in channels that can be easily obtained from a DEM.
The values of overland and channel roughness can be estimated by field investigation (from the overland or channel hydraulic properties) or can be determined by tabular data introduced in the literature like what was presented by Chow [19] and Usul and Yılmaz [20] . To simplify field investigation works, the relationship between channel width and catchment area is given as [21] :
where, B k is the k th order channel width, B Ω is the channel width at the catchment outlet,Ā k is the mean of the drainage area of order k, and A is the total catchment area.
Preprocessing of DEMs and extracting the stream network
A sink is a set of cells with the same height that may cause error in flow tracing by creating holes in DEMs. In fact, they cause loss of flow by breaking DEM cells' connectivity. Therefore, sinks have to be removed before extracting the stream network and other required parameters for the KW-GIUH model. This preprocess is required to increase the accuracy of DEMs and guarantee the model performance. Sinks mainly appear in narrow valleys, where the valley's width is less than the cell size. Moreover, because of interpolation errors, sinks might appear in low-slope areas. The Archydro extension embedded in ArcView GIS is a common tool for sink elimination. After this step, a flow direction grid is extracted for each cell of the DEM. By using the flow direction grids, the flow accumulation network for each cell could be derived. In a flow accumulation network, the value of each cell represents the number of total cells drained into it. In this study for a DEM of 50-m resolution, the flow direction grid and flow accumulation network are extracted by using the D 8 algorithm (the flow tracing algorithm in the Archydro extension). In the flow accumulation network, cells with the highest accumulation represent streams and the cells with a value of 0 match the watershed boundaries. To extract artificial stream network from a flow accumulation map, it is necessary to determine precisely a threshold, which is the percent of watershed total cells poured into the target cell. Choosing a low threshold leads to a high number of streams (smaller subbasins), and, on the contrary, choosing a high threshold will generate a small number of streams (larger subbasins). The bench mark of the threshold value is the value of 1%. In some GIS extensions such as Archydro and HEC-GeoHMS, the default value for stream delineation threshold is 1% of catchment area or 1% of maximum flow accumulation grid. Furthermore, the minimum area for starting streams is equal to 1% of the maximum value of flow accumulation grid (which is located at the catchment outlet). Therefore, focusing on this value, the thresholds of 0.25%, 0.5%, 1%, 2%, and 3% were employed for the extraction of stream network. Furthermore, DEMs with different resolutions (25, 50, 75, 100, 200, and 300 m)
were constructed using a topographic map (with a scale of 1/25,000 and 25-m intervals between contour lines) and, eventually for each threshold, the stream networks and other geomorphological parameters were extracted.
Study area
The study area is the Kasilian watershed, a small part of the Caspian Sea watershed and considered as 1 of the 6 major watersheds in Iran. The Kasilian watershed has an area of 67 km 2 and a perimeter of 37. Yılmaz [20] are used to confirm the results achieved from field investigation. The values of the overland and channel roughness for the Kasilian catchment are 0.6 and 0.3, respectively. In this study, based on the field investigation, the channel width at the catchment outlet was obtained as about 32 m, and based on Eq. (15) the widths of other streams (of different orders) were calculated.
Hydrographs and the data used for calibration and verification of the model
The only important parameter of the KW-GIUH model required to be calibrated is the infiltration rate. In this model, the ϕ index is used for calculating net rainfall.
Results and discussion
The geomorphological parameters required for the model
The geomorphological parameters of the study area are presented in Table 1 . In this study, to derive the geomorphological parameters of watershed, the thresholds of 0.25%, 0.5%, 1%, 2%, and 3% and DEM with cell sizes of 15, 25, 50, 75, 100, 150, 200, and 300 m were used. Because of the high volume of extracted data, only the geomorphological parameters at the thresholds of 0.25% and 3% (with different DEM cell sizes) are shown in Figures 3-8 . Results show that by decreasing the DEM resolution, the mean slope of the i th order subbasins decreases. Reducing the subbasins slope leads to the increase of the travel-time of the overland flow and hydrograph time base, and this in turn decreases the hydrograph peak flow. It seems that the mean slope of the i th order subbasins is one of the most important and sensitive parameters of the KW-GIUH model that could have a significant effect on the shape and other important parameters of the simulated hydrograph. Additionally, the results indicate that by increasing the DEM resolution, the number of streams increases (Figures 5 and 6 ).
Increasing of the number of streams of orders 1 and 2 is greater than that of the other orders (there is no significant difference between the number of streams of orders 3 and 4). Decreasing the number of streams in low-resolution DEM (using greater cell size) will decrease the drainage density and hydrograph peak flow and subsequently increase the hydrograph time base. The mean area of i th order subbasins is also one of the effective parameters regarding the model performance. Nonetheless, as shown in Figures 7 and 8 , the effect of DEM resolution on this parameter is not considerable and its trend of variation is almost identical at all thresholds. According to the achieved results, it can be said that the effect of DEM resolution on geomorphological parameters of the KW-GIUH model is considerable. Therefore, it is necessary to evaluate the effects of the above parameters' variation due to using different DEM resolutions and thresholds on the KW-GIUH model performance. The next sections are devoted to the investigation of the model performance under variable basic parameters.
Model calibration and verification
One of the strong and valuable points of the KW-GIUH model, like all other geomorphological models, is the fact that the model obtains most of its parameters from catchment geomorphological properties and therefore there is little need for calibration. The most important parameter of the model required to be calibrated is the infiltration rate. In this model, the Φ index is used to estimate the infiltration rate during rainfall and can be calculated with the help of recorded hydrographs. A trial-and-error procedure is used to calibrate the model by implementing different infiltration rate values (Φ) in the model until the resulted hydrograph is nearly equal to the recorded hydrograph. In Figure 9 , the results of the calibration and verification of the model are shown. The model efficiency based on the Nash-Sutcliffe method is presented in Table 2 . As is seen in Table 2 and Figure 9 , the model results, both in the calibration and the verification phases, show good agreement with the observed data and indicate the acceptable performance of the KW-GIUH in simulating the rainfall-runoff process of the Kasilian watershed. 
The effect of threshold on the model performance
In this study, to extract the stream network and other geomorphological parameters, while keeping the DEMs' resolution constant, the thresholds of 0.25%, 0.5%, 1%, 2%, and 3% are employed to analyze the model performance. The results indicate that the simulated peak flow is adversely affected by changing the thresholds; that is, peak flow increases by decreasing the threshold and decreases when the threshold is increased. Additionally, at low thresholds, the base time and the time to the peak of the hydrograph decrease. One of the most important issues for a flood warning system is time to peak, which, according to the results, could be influenced by the selection of the threshold.
The model's results show its sensitivity to peak flow, time to peak, and hydrograph base time. The model has a maximum sensitivity to the peak flow, and then to the base time, while time to peak has a minimum influence on its performance. The simulated peak flow at the threshold of 0.25% shows a difference of 67% with the simulated peak flow at the threshold of 3%. Furthermore, the base time and the time to peak at the threshold of 3% are respectively 17 h and 1 h greater than at 0.25%. Figure 10 shows the effect of different thresholds on the form and peak flow of the simulated hydrograph. The slope of the hygrograph's rising limb is sensitive to the decreasing/increasing of thresholds. As is seen in Figure 10 , the rising limb's slope at a threshold of 0.25% is 1.6 times the rising limb for a threshold of 3%. Actually, by increasing the stream's formation threshold, the number of extracted streams will be decreased. For example, in the studied watershed, the number of streams of order 1 at a threshold of 0.25% is 91, while at a threshold of 3% it is equal to 11. From a hydraulic point of view, increasing the threshold could increase the contribution of overland in the total flow, where the resistance to flow is increased. Henceforth, regarding the governing equations in uniform flow such as the Manning equation, the flow discharge at each subbasin could be reduced, which will eventually decrease the simulated hygrograph's peak flow. By applying the same amount of effective rainfall at all states and with respect to the principle of mass balance, the hygrograph base time will increase. Similarly, by increasing the number of first order streams the effective rainfall will spend less time in each subbasin and after arriving into the stream could move at a higher speed toward the watershed outlet. This phenomenon could reduce the time to peak and increase the slope of the hygrograph's rising limb.
The effect of DEM resolution on the performance of the KW-GIUH
DEM cell size is one the most important parameters that affect the performance of drainage network extraction algorithms. Some researchers indicated that the increase of DEM cell size would lead to the change of the values ??of extracted geomorphologic parameters. For example, Zhang and Montgomery [22] and Wolock and Price [23] showed that by increasing the cell size of a DEM, the slopes of corresponding cells and basins are decreased. As was mentioned, the KW-GIUH model depends on parameters such as mean slope of subbasins, mean slope of channels, mean length of channels, and area of subbasins. Therefore, changing DEM resolution, by affecting the geomorphological parameters, could influence the model performance. In this study, DEMs with different cell sizes (15, 25, 50, 75, 100, 150, 200, and 300 m) are used to investigate the effect of DEM resolution on the simulated hydrograph shape and peak flow.
Hydrograph peak flow
The simulation of hydrograph is performed in 5 steps. At each step, for determining the effects of DEM resolution on the performance of the KW-GIUH model, the threshold for stream delineation is kept fixed, and then for different resolutions (cell sizes), geomorphological parameters are calculated. In Table 3 , the results of model simulation at different thresholds and resolutions are presented. The effect of different DEM resolution on the peak flow is obvious in Table 3 . For example, at a threshold of 3%, the maximum and minimum peak flow occur at 15-and 75-m cell sizes, respectively, and their difference is about 26%. The results show that the trend of variation of the peak flow versus the DEM resolution is almost the same for all thresholds. As seen in Table 3 and Figure 11 , the reduction of the DEM resolution up to the cell size of 100 m causes the peak flow and hydrograph time base to decrease, and again after experiencing a jump, they decrease with the increase of the cell size. To check the generality of the jump point (at the cell size of 100 m), a large catchment with an area of 420 km 2 (the Safarood river basin located in the west of Mazandaran Province, Iran) was used. The results achieved from this catchment indicate that the jump occurs at a range of cell sizes of about 80-90 m, which is close to the value obtained in the Kasilian catchment. In Figures 11 and  12 , the effects of DEM resolution on the peak flow in the Kasilian and Safarood catchments are shown. The occurrence of this jump could be attributed to the abrupt changes of catchment geomorphological parameters when DEM cell size reaches the range of 80-100 m. The critical cell size for the Kasilian watershed is about 100 m. Figures 13 and 14 illustrate the variation of the mean length of the i th order channel against the mean area and the slope of i th order subbasins in DEMs with different cell sizes. As shown in Figure 13 , the behavior of mean length of the i th order channel against the mean slope of the i th order subbasin at the cell size of 100 m is different from that of the cell sizes of 25 and 200 m. Additionally, as illustrated in Figure  14 , for the mean lengths greater than 3 km and up to 8 km, there are no data for the trend of variation of length against area extracted from DEMs with the cell sizes of 25 and 200 m, while this trend remains linear for the DEM with the cell size of 100 m. Obviously, the subbasin area obtained from the DEM with this cell size is always less than that of other alternatives. Mean area of the th order subbas ns (km²)
Mean length of the th order channel (km) Figure 13 . Variation of the mean slope of the i th order subbasins against the mean length of the i th order channel. However, the achieved result in relation to the jumping point is an open area for study and could be a subject for further investigation.
Time to peak and time base of hydrograph
In addition to hydrograph peak flow, estimating its time to peak and base time are important in flood control systems and collection of surface water. In this section the effects of DEM resolution on hydrograph peak flow, time to peak, and time base are studied. The effects of DEM resolution on time to peak and time base are represented in Table 4 . The effects of DEM resolution on peak flow and hydrograph shape are shown in Figures  15 and 16 at thresholds of 0.25% and 3%, respectively. The results show that decreasing DEM resolution (increasing DEM cell size) increases the hydrograph time base. Again, there is a break point in this trend at the cell size of 100 m. As was noted previously, at this cell size the peak flow experiences a rapid jump. In this situation and by keeping a constant rate of effective rainfall, the base time should be decreased to preserve the principle of mass balance. Table 4 shows that the effects of threshold on the hydrograph base time are more than those of DEM resolution. The maximum difference between time bases at different thresholds is about 28 h for the cell size of 15 m, while the maximum difference between time bases at different DEM resolutions is about 10 h at the thresholds of 0.25% and 1%. The results indicate that for thresholds higher than 0.5% the time to peak is constant regardless of DEM resolution, but for thresholds lower than 0.5%, the time to peak decreases. In other words, at a fixed threshold the time to peak is independent of DEM resolution.
Conclusions
One of the methods used for flood estimation, especially in ungauged watersheds, is employing models that are based on catchments' geomorphological parameters such as the geomorphological instantaneous unit hydrograph (GIUH) and KW-GIUH models. It would be beneficial for researchers to see the effect of DEM resolution on the performance of geomorphological-based models such as KW-GIUH and GIUH. The results obtained in this study showed that the KW-GIUH model is very sensitive to DEM resolution and stream delineation threshold. In this study, regarding the dependence of the KW-GIUH model on catchment geomorphological parameters, the effects of different thresholds and DEM resolution on the geomorphological parameters and model performance were investigated. In comparison to other conceptual rainfall-runoff models, the calibration process of this model is simple and just one parameter must be calibrated. The results of the calibration and verification phases showed reasonable ability of the model to estimate the peak flow and the shape of hydrograph. Investigating the effect of DEM resolution on the geomorphological parameters indicated that by decreasing the DEM resolution the mean slope of the ith order subbasins and the number of streams (especially streams of orders 1 and 2) decrease and the mean area of the i th order subbasins and the mean length of the i th order overland flow increase. The results indicated that by increasing the thresholds, the peak flow decreases while the time base increases. The main reason for this is the fact that by increasing the thresholds the number of streams of order 1 is increased, which in turn decreases the mean length of overland flow and rain-drop travel time. The model's sensitivity to changing DEM resolution and thresholds was sharper in peak flow and then in hydrograph time base and time to peak. For example, using a DEM with 50-m resolution, the simulated peak flow at the threshold of 0.25% was about 67% greater than the peak flow achieved at the threshold of 3%. Evaluation of DEM resolution effect showed that the reduction of the DEM resolution at a fixed threshold causes the peak flow and hydrograph time base to decrease up to the cell size of 100 m. At this resolution the trend experiences a positive jump, after which one can again observe a decreasing trend. Occurrence of this jump point could be related to the variation of catchment geomorphological parameters at the range of about 80-100 m. The results indicated that the maximum difference between the time bases at different DEM resolution was about 10 h. Generally, it can be deduced that the effects of threshold on peak flow and time base are greater than those of DEM resolution, and at a fixed threshold the time to peak is independent of DEM resolution. According to the results of this study, one can deduce that DEM resolution and stream delineation threshold have significant effects on the performance of GIUH-based models, and researchers should be careful in using DEMs with different cell sizes and different thresholds.
